Abstract: In summer and fall 1989, six rainbow trout (Oncorhynchus mykiss) were tracked in Lake Washington with ultrasonic transmitters for a total of 349 h to determine their movements in relation to the distribution of possible prey species. The trout moved primarily in the nearshore area at an average velocity of 12.4 cm/s (--0.25-0.3 body lengths/s). Five of the six fish made one more rapid (>1 body lengths/s) excursion across the lake, then continued moving in the nearshore zone. The trout were generally inactive, staying close (<50 m) to shore at night, and became more active near dawn; however, the highest average velocities were at dusk. They spent over 90% of their time in the top 3 m of the water column and 10% in brief (2 mm), shallow (mean 6.6 m) dives. Dives occurred most frequently at dawn and during the day (0.8/h), less often near dusk (0.5/h), and seldom at night (0.1/h). The depth distribution and movement patterns suggest that the trout were feeding on Daphnia pulicaria during the day, in both nearshore and offshore areas, supplementing this diet with nearshore fishes such as prickly sculpins (Cottus asper). Predation on pelagic planktivores (longfin smelt, Spirinchus thaleichthyes, and juvenile sockeye salmon, Oncorhynchus nerka) was unlikely because the trout were primarily found nearshore and near the surface, whereas the planktivores are primarily offshore and closer to the bottom. 
Introduction lucius : Diana 1979; Hart and Connellan 1984) and largemouth bass (Micropterus salmoides: Savitz et al. 1983 Descriptive studies of piscivorous fish movement patterns DeAngelis et al. 1984) foraging in physically structured have generally involved species such as northern pike (Esox environments. Foraging in pelagic environments differs from that in nearshore environments, in part because there is no opportunity to take advantage of structure for ambush Rainbow trout (Oncorhynchus mykiss) is a very adaptable cold-water species (MacCrimmon 1971) , able to forage in rivers, lakes, or the ocean. Even within one type of environ ment such as lakes, rainbow trout movement patterns can vary considerably. Kelso and Kwain (1984) and Wenger et al. (1985) described primarily nearshore movements in spring and fall, respectively. However, Haynes et al. (1986) described a seasonal shift from nearshore to offshore envi ronments in spring coinciding with thermal fronts. The trout may occupy relatively warm, near-surface waters (Stables and Thomas 1992) or cooler, deeper waters (Fast 1993) . Locomotor activity peaks may occur at dawn (Kelso and Kwain 1984; Boujard and Leatherland 1992) or at midday (Rogers et al. 1984) . While these and other telemetry studies have described the movements of individual trout, their util ity for determining general patterns of trout behavior has been limited by insufficient linkage with the prey communi ties and feeding habits of the trout.
The ecology of Lake Washington, Washington State, U.S.A., has been studied in detail at several trophic levels, predators (Beauchamp 1987 (Beauchamp , 1990 , planktivores (Eggers 1978; Chigbu 1993) , and zooplankton and algae (reviewed in Edmondson 1993) ; this makes it a good site in which to examine trout movements in relation to the prey community. Rainbow trout inhabit both nearshore and offshore zones of the lake. Small trout feed on invertebrates, chiefly Daphnia pulicaria, and larval fishes. As the trout grow, they continue to eat D. pulicaria, but the diet's volume is increasingly dominated by fishes (Beauchamp 1990) . The most abundant pelagic fishes are longfin smelt, Spirinchus thaleichthyes (Chigbu 1993) , and juvenile sockeye salmon, Oncorhynchus nerka (Eggers 1978) . Sockeye salmon generally school in midwater or near the bottom during the day, rise to within 10-20 m of the surface at dusk to feed as individuals on zooplankton, and then descend after dark (Eggers 1978; Chigbu 1993) . Longfin smelt also show a diel vertical migra tion (Dryfoos 1965) . Such migrations may be related to pre dator avoidance (Eggers 1978; Levy 1990) . However, vertical migrations may also be bioenergetically efficient if the lake is stratified with respect to prey distribution and tem perature (Levy 1990; Bevelhimer and Adams 1993) .
The benthic fish community is dominated by prickly scul pins, Cottus asper, both nearshore and offshore (Rickard 1980) , but yellow perch, Perca flavescens, and peamouth chub, Mylocheilus caurinus, are also very abundant (T.P. Quinn, unpublished data). The capture of adult rainbow trout in deep-water gill nets, as well as the discovery of longfin smelt and sockeye salmon fry in the stomachs of trout caught near the surface, indicated that at least some trout forage relatively deep (15-20 m) in offshore waters (Beauchamp 1987) . In other lakes, trout may feed on fishes, though a variety of invertebrates may also be eaten (Ricker 1941; Larkin and Smith 1954; Larkin et al. 1957; Beacham and McDonald 1982; Rowe 1984) .
Rainbow trout in Lake Washington have access to benthlc fishes in nearshore and offshore areas, vertically migrating pelagic fishes in offshore areas, and D. pulicaria in nearsurface waters nearshore and offshore. To forage on sockeye salmon during the day, trout would have to descend to at least 30-40 m, but at night these prey would be encountered within about 20 m of the surface. Adult or juvenile smelt would be abundant between 10 and 20 m of the surface dur ing the night and somewhat deeper during the day (Dryfoos 1965; Chigbu 1993) . Sculpins would be found on the bottom in both nearshore and offshore habitats (depths to about 60 m). In summer, trout also have the opportunity to affect their metabolic rate by moving above or below the thermo dine.
The distribution patterns of potential prey and the thermal structure in the lake permitted us to test hypotheses regarding the foraging of large trout by tracking the vertical and horizontal movements of individuals large enough to be piscivorous. Telemetry provides information on individual behavior that is not revealed by stomach-contents studies. Specifically, we wished to determine (i) the proportion of time spent in offshore versus nearshore habitats; (ii) the average depth of the trout, ambient temperature, and the proximity of the trout to the lake's bottom; (iii) diel patterns of activity or depth distribution; and (iv) swimming speed. This information would permit us to estimate the extent to which individual trout exploited food resources in more than one area (nearshore or offshore, benthic or pelagic), fol lowed the diel movements of pelagic prey, or made use of the thermal structure in the lake.
Materials and methods
Six rainbow trout (Table 1) were captured with large hand nets in the outfall of the School of Fisheries hatchery on the outlet of Lake Washington (Fig. 1 ). Based on their size and coloration, these fish were probably either naturally pro duced, or were hatchery fish that had been feral for at least 8-10 months. The night before the fish were to be released, a pressure-sensitive ultrasonic transmitter (Vemco, Inc., Halifax, Nova Scotia, Canada) was activated and calibrated for depth (to the nearest 0.1 m) in the lake. The fish were Fig. 1 . Horizontal movements of a rainbow trout ("Sparky") in the northern region of Lake Washington over a 53-h period from 27 to 29 June 1989. The locations of the fish are indicated as follows: 1, released at 09:00, 27 June; 2, noon, 27 June; 3, sunset, 27 June; 4, midnight, 27 June; 5, sunrise, 28 June; 6, noon, 28 June; 7, sunset, 28 June; 8, midnight, 28 June; 9, sunrise, 29 June; 10, noon, 29 June; 11, track terminated at 14:20, 29 June. anesthetized with MS 222, and a tag was inserted into the stomach. Small (13.7 g) transmitters were used in 358-to 595-g trout and large transmitters (29.5 g) in trout >794 g.
The next morning the tagged fish were transported from the School of Fisheries to Magnuson Park (Fig. 1) , released, and followed continuously for 36-76 h from a 6.5-rn boat. The depths of the first two fish were recorded manually every minute, but for the other fish the output from the receiver was electronically logged into a laptop computer every pulse (approximately every second). The position of the fish in the lake was recorded every 20 mm. Dissolved oxygen level and temperature readings from the surface to 45 m or the bottom were taken every 6 h (Scout Transmitter, Hydrolab Co., Austin, Texas). Results
Horizontal movements
The horizontal movements of rainbow trout could to be sepa rated into two distinct patterns, termed nearshore and off shore, because they were closely associated with these regions of the lake. Nearshore movements were slow (aver aging 12.4 cmls; Table 2), relatively short (100-300 m) excursions along the shore (within the 20-rn isobath), and interspersed with frequent and sometimes long (up to 36 h) periods of inactivity. Thirty percent of Lake Washington's total area and about 15% of the area at the north end of the lake is within the 20-rn isobath (Ajwani 1956 ). All the trout spent most (61-100%) of the time in the nearshore move ment pattern. In the nearshore zone, the fish typically moved back and forth over the same shoreline, sometimes from dock to dock, and often displayed no detectable movement for a few minutes to several hours. One fish did not leave the neashore zone, but the other five exhibited one period of off shore activity, crossing the deep basin of the lake to the Table 2 ), and were not oriented along the shoreline (Fig. 1) . None of the trout that crossed the lake recrossed to the western shore during the tracking period. Two individuals moved offshore after they had reached the opposite shore but eventually both returned to the eastern shore and slowed down at night. All offshore movements started during daylight and continued after sunset (except for one trout that was lost in offshore waters). The offshore movements of three of the five fish were in a generally straight or gradually curving trajectory without any apparent retrograde motion, whereas fish in the nearshore zone typi cally moved back and forth over the same shoreline. The fish were generally less active after dark (Figs. 2 and 3, Table 3 ), except that fish crossing the lake at dusk remained active until they encountered the opposite shore. The fish generally remained inactive within approximately 50 m of shore at night, and one fish (Bullwinkle) was seen throughout one night in approximately 20 cm of water about 50 cm from shore. All trout showed some period of inactivity during the night. Combining offshore and nearshore move- Fig. 3 . Depth, averaged hourly excluding dives, and mean depth of dives of six rainbow trout tracked in Lake Washington. ments, nighttime velocities were less than their daytime counterparts (X = 8.6 vs. 16.2 cm/s, respectively; Table 2 ).
Vertical movements Inspection of the data (e.g., Fig. 2 ) indicated that the fish generally moved within a narrow (approximately 0.5-1.0 m) depth range but frequently dived. For analytical pur poses, dives were defined as increases in depth of more than 2 m over a 1-to 3-mm period, followed by ascent to the fish's former depth of travel. All of the fish spent at least 90% of their time in the top 3 m, and were closer to the sur face at night than during the day (Fig. 3 , Table 4 ). The diel change in mean depth resulted from both the cessation of most diving activity after dark and a decrease in mean depth without the dives. In general, there was no relation between the fish's depth and the lake depth at that point. In the off shore zone the fish were in water up to 60 m deep but remained close to the surface. Most of the time not spent at the surface was spent in dives rather than in sustained swimming at depths greater than 3 m. The average dive was 2.2 mm in duration and to a depth of 6.6 m ( Table 4 ). The dives were not evenly distributed over time but usually occurred in series. The time between dives varied from 30 mm to 14 h. The average dive frequen cies were approximately equal at dawn (defined as the 3-h period around sunrise) and during the day (0.81 and 0.83 dives/h, respectively). Dives were much less frequent at dusk (0.46 dives/h) and at night (0.09 dives/h). The aver age frequency of deep dives (>10 m) at dawn, day, dusk, and night was 0.15, 0.22, 0.12, and 0.01 dives/h, respec tively.
Dissolved oxygen level and temperature varied little over the course of a tracking session, and were averaged for each session. Dissolved oxygen levels were always near satura tion, or even supersaturated after very windy periods. The water temperature was relatively homogeneous above the thermocline (15 -20 m deep). The surface temperature dur ing individual tracks increased from 18.6°C in June to a high of 20.9°C in August, then decreased to 14.3°C during the late-October track (Table 1) . Temperatures in the hypolim nion remained around 7-9°C throughout the tracking period.
Discussion
The results of the tracking were not consistent with the hypothesized predation on pelagic fishes by rainbow trout, as only about 15 % of the time was spent in offshore surface waters and virtually none in deep water. Trout in open water swam relatively fast but steadily and straight, without I I Mean Dive Depth
Mean Depth evidence of the dives or erratic movements that might be expected of trout chasing prey. During summer and fall, fishes constituted 90% of the diet by mass of large (>350 mm) trout in the pelagic zone, but Daphnia sp. was the second most important item (Beauchamp 1990 ). Daphnia sp. are densest in the top 10 m of the water column, where the trout spent virtually all their time, and can reach densities as high as 26.71L (mean <8.7/L; Edmondson and Litt 1982) . Beauchamp (1987) hypothesized that large rainbow trout feed on Daphnia sp. during the day, switching to fish prey at dusk when the prey's vertical migration takes them near the surface. When our trout moved offshore, they tended to do so around sunset, as might be expected if they were to feed on longfin smelt or sockeye salmon. However, on most evenings they were starting their nightly period of reduced activity before the sun set rather than moving off shore, and the frequency of dives did not increase when they were in open water or after sunset. Thus, there was little evi dence of the kind of behavior to be expected if the trout were feeding on either sockeye salmon or longfin smelt. Most of the time was spent in the nearshore zone; the over all average bottom depth was only 5.7 m. The nearshore area contains high densities of prickly sculpins (Rickard 1980 ) and other benthic fishes, but longfin smelt and sockeye salmon fry would have been scarce. Beauchamp (1990) found that dur ing the summer and fall, largetrout (>350 mm) in the nearshore areas (depth <15 m) ate many Daphnia sp. but the mass of prey was dominated by fish (68%, primarily cyprinids and prickly sculpins). The short movements that might be needed to capture Daphnia sp. would probably have been undetect able with our telemetry system. Predation on benthic fishes, on the other hand, would probably require the trout to change depth and thus their movements would be readily detected. Most dives were observed near dawn or during the day. To the extent that dives indicated foraging, the diel pattern was consistent with Boujard and Leatherland's (1992) finding that demand feeding by rainbow trout was most pronounced during the day, especially at dawn. Beauchamp (1987) concluded that large trout in Lake Washington moved offshore during the summer months. However, this conclusion was based primarily on the low catch rate of large trout in nearshore areas rather than on higher catch rates offshore. The trout that we observed spent very little time offshore, but five of the six fish moved from nearshore to offshore areas, indicating that individuals move between habitats. The trout were more active in offshore than nearshore habitats, and that might make them more sus ceptible to capture, leading to biased estimates of their preva lence. Haynes et al. (1986) hypothesized that the seasonal shift in trout distribution from nearshore to offshore areas of Lake Ontario was related to water temperature fronts, but we did not observe the horizontal thermal gradients in Lake Washington that would have been needed to test this hypo thesis.
Swimming speeds of larger salmonids migrating in open water are about 1 body length/s, approximately their optimal cruising speed (e.g., Quinn 1988; Ruggerone et al. 1990 ). The trout in the present study sustained such speeds only dur ing their offshore movements. However, their overall aver age daytime speed was only 0.4 body lengths/s, closer to the 0.3 body lengths/s reported for rainbow trout by Kazihara et al. (1969) and Betteridge (1985) . The optimal foraging speed of pelagic fish predators has been estimated to be slightly above the optimal cruising speed (Ware 1978) , so the speed of trout in open water would be consistent with effi cient active foraging. Laboratory studies indicated that rain bow trout are adapted to chase their prey but that these chases do not usually exceed 2 body lengths/s (Webb 1984) . Such brief bursts of speed in the offshore environment would not have been detected in our study, owing to inaccuracy in fix ing the positions of the boat and fish. The speeds observed in our study are generally consistent with Hyatt's (1980) observations regarding the relative speeds of trout employing different foraging tactics. He reported that trout in open water averaged 27.7 cm/s and primarily used an active "cruise and search" foraging tactic, whereas those foraging near the substrate averaged only 8.6 cm/s and employed primarily a less active "hover and search" tactic.
The lake's thermocline was at approximately 15-20 m during the tracking periods. Only two trout ever went below this depth, and then for only a few seconds. The fish were piiiiiaiily in [lie relatively homogeneous waLer above (lie thermocline. Optimal temperatures for rainbow trout growth are about 16-17°C (Hokanson et al. 1977; Wurtsbaugh and Davies 1977) and preferred temperatures are about 18°C (McCauley and Pond 1971; Cherry et al. 1975) , depending on acclimation temperature. The trout in this study stayed in the warmest water available (up to 21°C). In fact, the fish in the warmest water had the fewest dives. We thus found no evidence that trout were moving up and down in the water column to take energetic advantage of different thermal regimes for feeding and digestion (Beveihimer and Adams 1993) .
In summary, movements of the trout were generally slow and close to shore, interspersed with long periods of inac tivity and occasional excursions across open water. The fish were very surface-oriented, spending over 90% of their time in the top 3 m. Occasionally, they made brief (2-3 mm) dives to depths of approximately 5-10 m. Five out of six trout spent time (mean = 21%) in the offshore region, characterized by movements across the lake. During these periods, they rarely dived deep enough to encounter either sockeye salmon or longfin smelt, but their speed (about 1 body length/s) was consistent with optimal foraging speeds. These observations were consistent with the hypothe sis that most foraging activity is directed at Daphnia sp., sup plemented with nearshore fishes such as prickly sculpins, and that individual trout forage in both nearshore and off shore environments.
